Objectives-Recent advances in the field of acoustics and piezoelectric and ultrasound transducers have led to new approaches to the diagnosis and treatment of certain diseases. One method of treatment with ultrasonic waves is high-intensity focused ultrasound (HIFU) treatment, which is a thermal therapeutic method used to treat malignant tumors. Although a variety of treatment-planning strategies using ultrasonic waves have been investigated, little clinical success has been achieved. Computational modeling is a powerful tool for predicting device performance.
U ltrasonic waves have found uses in all aspects of medical applications, including diagnosis, treatment, and surgical applications. Currently, the use of ultrasound as a noninvasive method for diagnosing and treating certain diseases is common. 1 Owing to the remarkable progress made during the last decade in the development of ultrasound imaging technology, it is possible to treat a wide range of diseases, such as cancers, by combining the ultrasound applications in the fields of imaging, diagnosis, and therapy. High-intensity focused ultrasound (HIFU) therapy is a noninvasive method with a high capacity for the treatment of solid tumors, in comparison with other existing methods. 2, 3 The primary mechanism of HIFU tumor treatment is the thermal effect. In this method, the lesion induced by a single HIFU exposure, namely a heated necrotic element 4 or biological focal region, 5 is the foundation for HIFU ablation in a tumor mass medium. A tumor can be completely ablated by these ablation elements to form a line, a slice, and, finally, an ablated volume. 5 Generally, tissues absorb ultrasonic energy and convert it into heat. According to previous studies, 6 if the tissue temperature increases to 438C, the required time to reach irreversible damage is approximately 240 minutes. If the temperature increases to 568C, this time is reduced to 1 second. 6 Considering the nonlinear behavior of HIFU, the most important point in both treatment and imaging systems is to include the nonlinear factor in investigating these processes. Usually, the negative pressure caused by HIFU waves is large enough to cause cavitation, which can make it more difficult to control and estimate the extent of the damaged area. 7 Therefore, an evaluation of the influence of the acoustic intensity and exposure time on the created focal depth in the HIFU-induced heated necrotic element has great theoretical and practical importance. In the last few decades, researchers have explored the formation of lesions induced by HIFU using numerical simulations and experiments. 5, 8, 9 The propagation of ultrasound in a medium is investigated by solving the Westervelt equation. 10 The original Westervelt equation 10 accounts for the full wave diffraction, nonlinearity, and thermoviscous dissipative effects. 11, 12 The linear Westervelt equation was investigated by Sheu et al. 13 For the linear Westervelt equation, the solution can be obtained in an integral form (diffraction integral). After that, the nonlinear Westervelt equation was solved by using the implicit finite-difference time domain method. 14 16 extended the model to the far field. The KZK equation has also been solved in the time domain with finite differences and operator splitting, using methods introduced by Lee et al. 17 Relaxation methods can be incorporated in the KZK equations to include arbitrary absorption mechanisms. 18 The time domain solutions of the KZK equation have been extended to a fully 3-dimensional geometry. 19, 20 Percutaneous energy-based ablation has been used for the treatment of many tumor types, including liver, kidney, lung, and bone cancers, as well as soft tissue tumors of the breast, adrenal glands, and head and neck. 21 Hyperthermic injury caused by HIFU affects the tumor microenvironment and damages cells at the membrane and subcellular levels. It is also important to note that at different frequencies, tumor tissue is more thermosensitive than normal tissue, owing to the increased tumor metabolic stresses, the reduced heat-dissipating ability of the tumor, and its acidic interstitial environment. 22 This article presents a HIFU treatment system used to study the effect of HIFU waves on liver tissue. For this purpose, an ultrasonic phased array transducer with an operating frequency of 1 MHz was fabricated. The aperture angle can be varied between 168 and 308. All tests were performed at transducer powers of 85 and 135 W, with a maximum exposure time of 40 seconds per test. Numerical simulations were performed, solving the wave pressure equation for ultrasound propagation and the bioheat equation for the temperature rise. The ablated regions were predicted from the thermal dose and tissue temperature distribution. Finally, the results of the ex vivo experiments were compared with the data obtained from the Westervelt and KZK equation simulations. As will be discussed, the simulation results and the experimental data showed good agreement.
Materials and Methods

Experimental System
Ultrasound Transducer A spherical phased array transducer consisting of 10-coin piezoelectric elements, which are annularly distributed on a spherical shell, was constructed. The detailed transducer characteristics are listed in Table 1 . Each piezoelectric element had a diameter of 2 cm and a thickness of 2 mm, with a maximum power of 30 W. The other parameters of the piezoelectric elements are listed in Table 2 . The aperture angle can be varied between 168 and 308 by changing the arrangement of the piezoelectric elements. The transducer was fixed at the bottom of a water tank during the experiments.
Electrical Generator
The electrical generator used (EMTco; Exon Electromedical Technologies, Tehran, Iran) can generate 300 W of electrical power for the transducer at a frequency of 1 MHz. The generator is programmable, and a ramp function is used for the startup to ensure transducer safety.
Temperature Measurement System
In HIFU applications, measurement systems are predisposed to failure because of the high operating frequencies and power consumption and the existence of noise in the environment. Therefore, to achieve a stable and accurate temperature measurement, a circuit was designed by Exon Electromedical Technologies to eliminate background noise from the input signal. Additionally, a multilayer programmed code is used to remove noise in the software module by programmed averaging. As shown in Figure 1 , temperature sensors are located at distances of 2, 4, and 8 mm from the focal point in the radial direction and 2, 4, and 7 mm in the axial direction. The output signal from the sensors is sent into an analog-to-digital convertor and is eventually stored by a computer. Negative temperature coefficient sensors, calibrated from a lookup table and averaged sample points, are used. The accuracy of the measured temperature is 618C. 
R 0 , internal resistance; d33, piezoelectric coefficient. Figure 1 . Temperature measurement system. Left, Schematic of the temperature measurement system and location of sensors at distances of 2, 4, and 8 mm from the focal point in the lateral direction and 2, 4, and 7 mm from the focal point along the axis. Right, The experimental system was used to study the temperature changes and gradient over time.
Experimental Method
All tests in this study were performed on an ex vivo sheep liver. The characteristics of water and liver are presented in Table 3 . The liver was fixed close to the expected acoustic focal zone with clamps. The duration of each test was 40 seconds, and the temperature of the focal point was recorded online. The ablated area was determined by recording temperature data with time and calculating the thermal dose numerically.
Mathematical Modeling
The 2 most common models for the finite-amplitude nonlinear wave propagation in soft tissues are the Westervelt and KZK equations. 10 The Westervelt equation takes into account the effects of diffraction, absorption, and nonlinear propagation, whereas the KZK equation is used for directional sound beams.
To study HIFU treatment, ultrasonic wave propagation across a heterogeneous medium such as liver should be illustrated. Two partial differential equations for acoustic wave propagation and biological heat transfer are combined and solved simultaneously in the liver medium. The acoustic equation in the wave propagation problem can be considered a linear or nonlinear equation. The linear wave equation is usually used for simulating waves with a low energy level and low amplitude in a lossless medium. The nonlinear Westervelt and KZK equations are used to simulate wave propagation by considering the effects of high amplitude and energy dissipation in heterogeneous environments. Here, to evaluate and compare the different wave propagation types, the equations have been solved in the time domain.
Acoustic Wave Equations Westervelt Equation-
The finite-element method is used to solve the Westervelt equation. An extensive set of issues in mechanical engineering, especially in the field of biomechanics, can be solved by finite-element methods. In the HIFU simulation, the finite-element method can efficiently calculate the ablated area with respect to the transducer acceleration, tissue type, and exposure time. In this study, the discretization process was performed by using COMSOL software (COM-SOL Inc, Burlington, MA).
A nonlinear acoustic field can be simulated by Equation 1 . This equation is known as the Westervelt equation and can be used to simulate wave propagation in tissue 10, 23 :
In Equation 1, p is the wave pressure; b 5 1 1 B/2A is the modified nonlinearity coefficient; and d is the diffusivity of sound, which depends on viscosity and thermal conductivity of the medium (see Appendix). The value of d can be calculated from Equation 2. The first and second terms of Equation 1 represent linear propagation of waves in a medium without any loss. The third term is related to the losses due to the thermal conductivity and viscosity of the fluid. The last term of the equation is related to the nonlinear factors influencing the simulation of wave propagation, which may cause thermal and mechanical changes within the tissue:
To study the impact of the nonlinear factors, the calculations are performed for both the linear and nonlinear equations. Another important parameter in the simulation is the wave intensity. The intensity of the wave can be calculated from Equation 3:
KZK Equation-The nonlinear propagation of sound beams in a thermoviscous fluid may be described by the KZK equation 10 :
Here, t KZK 5 t -z/c 0 is introduced as retarded time. Using z 0 , a, b, p 0 , and x 0 to normalize z, x, y, p, and t, we get
where z 0 is the modified Rayleigh distance defined as z 0 5
x 0 ab 2c 0
; a and b are characteristic source sizes in the lateral and axial directions, respectively; p 0 is the amplitude of sound pressure at the sound source, and x 0 is the frequency of the source. 24 By 6) where A is an absorption parameter, and N is a nonlinearity parameter:
where a 0 5dx 2 =2c 3 0 is a pressure attenuation coefficient at frequency x, and z5q 0 c 3 0 =bxp 0 is the plane-wave shock formation distance for a wave with initial amplitude p 0 in a lossless fluid.
Bioheat Transfer Equation
The heat generated anywhere in the tissue depends on 2 important parameters. The first parameter is the acoustic wave attenuation coefficient, which is one of the intrinsic properties of the tissue, and the second is the sound wave intensity, which is calculated by solving the wave equation on the tissue geometry of the study. Therefore, the heat source can be obtained by Equation 8:
In the above equation, a abs is the attenuation coefficient, which is proportional to the frequency and is calculated from Equation 9:
where a 0 is the attenuation coefficient at frequency f 0 5 1 MHz, and g 5 1 in soft tissue.
14 Equation 8 is considered to represent a heat source of the heat transfer equation. Considering that heat transfer is studied within the tissue in this simulation, the main mechanism of heat transfer and heating the tissue during radiation or afterward is the thermal conductivity. Therefore, the heat transfer equation can be written as Equation 10 and is dependent on time:
Q bio is calculated from Equation 11:
T b is the arterial blood temperature; m b is the perfusion rate, the volumetric flow rate of blood per volume of tissue; and Q met is the metabolic heat source.
Finite Element Simulation
To investigate the effects of nonlinearity on wave propagation, transducer operating powers of 85 and 135 W were used. The time step and total transient simulation time were 1 and 300 microseconds, respectively. After 300 microseconds, as a uniform pressure field was obtained, the steady-state acoustic pressure equation was considered to find the temperature distribution. At the focal point, an improved mesh size in terms of wavelength of k/8 was used. Toward the walls, the mesh size increases. A mesh dependency test was performed by reducing the mesh size by 30%, and the results showed changes of less than 1%.
Geometry
Considering the axisymmetric geometry of the transducer and wave propagation, a 2-dimensional model was used to simulate the acoustic propagation through the water and liver tissue. A transducer with an operating frequency of 1 MHz was used as the wave source. Tissue with dimensions of 50 3 45 mm was immersed in fluid (water), and the wave propagation was studied in an environment with dimensions of 120 3 120 mm.
Boundary Conditions
To simulate HIFU in 2-dimensional space and calculate the ablated area, 2 sets of boundary conditions are needed: first, the boundary conditions required for solving the acoustic equation; and second, those needed for solving the heat transfer equation. The essential boundary conditions are defined as follows:
1. The boundary condition P t 5P 0 sinðxtÞ is used as the source in the simulations. 2. A plane wave radiation boundary condition is defined on the walls as a boundary condition without any reflection (transparent). The equation is
where q d is a dipole source, and n is the surface normal vector. 3. T 5 T 0 5 310 K is defined as the tissue wall boundary condition. 
Finite Difference Simulation
A time-domain algorithm with a 3-dimensional finite difference is used to solve the KZK equation, which was presented previously. 24 Using the operator splitting algorithm, the KZK equation is rewritten in the form of an evolution equation as follows:
where L D (P), L A (P), and L N (P) are diffraction, absorption, and nonlinearity terms, respectively. These parameters are defined as follows:
The discretized forms of absorption and nonlinearity are as follows: 
The diffraction term is discretized by using an adaptive finite difference method. 25 The discretization is performed in the near and far fields by the 5-point implicit backward finite difference and 5-point CrankNicolson finite difference methods, respectively.
The application of the 5-point implicit backward finite difference approximation in the diffraction term of the evolution Equation 14 is as follows: 
where R5ð11rÞ
2 . For the 5-point Crank-Nicolson finite difference method, the diffraction term can be obtained by: 
where Q k11 i;j;l 5P k11 i;j;l 1P k i;j;l , R5ð11rÞ
2 , and r k11=2 5r k 1ðDrÞ k=2 .
To prevent numerical instability and oscillations near the source (Gibbs phenomenon), dense sampling is needed at the source surface and in the near field, where the pressure varies quickly. Use of the 5-point implicit backward finite difference method with a truncation error on the order of Dr in the near field minimizes the Gibbs phenomenon. The approximation of the 5-point implicit backward finite difference is used for the first 100 steps, where r 5 0.1 is achieved. In the far field and after passage of the oscillatory area (r > 0.1), the 5-point Crank-Nicolson finite difference method with a truncation error on the order of (Dr) 2 is applied. A coarser step size can be used in the far field, where the pressure varies slowly. 24 The KZK simulation is done in MATLAB software (The MathWorks, Natick, MA) on a standard personal computer. The step sizes of the parameters used in the simulations are Ds5 DX5 DY 50:05:
Results and Discussion
Pressure Analysis
In Figure 2 , the predicted pressures along the axial and lateral directions for the KZK, Westervelt, and linear models are presented for 2 different transducer aperture angles and transducer powers. According to this figure, the nonlinear models (KZK and Westervelt curves) are substantially affected by the excitation of higher harmonics. For example, the maximum pressure of the Westervelt model is approximately 1.5 to 1.9 times greater than the maximum pressure of the linear model at the focal point. Local maxima can also be seen in the nonlinear case, which is because of the superposition of waves with different wavelengths representing the higher harmonics.
As shown in Figure 2 , the disagreement between the KZK and Westervelt models for the transducer aperture angle of 308 is large. The KZK equation has 2 main limitations, which do not exist in the full-wave Westervelt equation. First, the effects of reflection and scattering are not taken into account. Second, it can be applied only for transducers with small aperture angles (<188).
Temperature Analysis
A previous study showed that a rise in temperature to 568C for 1 second induces cell death by an irreversible process. 6 The temperatures of various points at different distances from the focal point are shown in Figure 3 . In this figure, the experimental data and simulation results are compared. Considering the KZK equation's aperture angle limitation, the results obtained from the Westervelt equation with an aperture angle of 308 were used for the temperature analysis.
As shown in Figure 3 , the maximum temperature rise occurs at the earliest moments of radiation, and the maximum focal temperature is 75.58C. The maximum temperature drop at a distance of 2 mm in the lateral direction from the focal point is approximately 138C.
It can be observed from Figure 3 that the Westervelt equation and the experimental results show good agreement for the 2 transducer operating powers. The average error calculated at the focal point, comparing the simulated results with the experimental data, is 4.3%. In HIFU surgery, estimating the effective ablated area is necessary. In this study, the ablated area was estimated by a thermal dose analysis. Figure 4 shows the thermal dose contour with transducer powers of 135 and 85 W and an aperture angle of 308. To compare the thermal dose results obtained from the simulation and experi- ment, the thermal dose value was calculated for distances of 2 and 4 mm from the focal point using numerical integration, and the contours with the same value calculated from the simulation are shown on the same graph. Because the temperature gradient in the vicinity of the focal point is very high, the experimental data error in this area could be very high. As shown in Figure 4a , the error for the spot at a distance of 2 mm from the focal point in the axial direction is very high. Ignoring this point, the differences in the locations of areas with similar thermal doses are 18.5% and 10.5% for the powers of 135 and 85 W, respectively. It can be concluded that by reducing the power, the average error is reduced because of the resulting smaller temperature gradients.
The major contributing factor to this difference is the experimental errors related to determining the exact location of the thermal sensors. Soft tissues are highly deformable and have the potential to undergo large deformations. They are also viscoelastic, incompressible, and usually anisotropic. The foregoing indicates a lack of precise adjustment of the sensors at the desired location.
One of the factors that affects the duration of surgery is the transducer power. Increasing the power leads to a decrease in the surgical time, and reducing the sonication time results in a more concentrated ablated area. As a result, this change increases the accuracy of the operation, but on the other hand, higher pressures increase the probability of the occurrence of cavitation.
Cavitation refers to the interactions between the ultrasonic field and small bubbles containing gas. Usually, bubbles or small gas nuclei are naturally present in biological tissues; however, the use of HIFU will aid the creation and encapsulation of gas bubbles in tissues. At average HIFU intensities, a bubble vibrates firmly in an acoustic field while it absorbs and radiates energy to its surroundings, which is called stable cavitation. However, when the acoustic intensity increases, the bubble vibrations become substantially nonlinear, which can lead to a violent collapse known as inertial cavitation. Inertial cavitation stimulates microjets, shock waves, and highly elevated local temperatures that may reach thousands of kelvins. The released free radicals at high temperatures can cause mechanical cell destruction and even melting of the solid cells and tissues.
Although cavitation-related enhanced heating was observed in some of the preceding studies, 25, 26 the observation of enhanced heating due to bubble activity deserves closer attention. A pressure threshold for enhanced heating of approximately 5.3 MPa at 1 MHz was reported. 25 In this study, we reached a maximum pressure of 4.2 to 4.7 MPa with a transducer power of 135 W, which was far enough from the reported cavitation threshold of 5.3 MPa.
Conclusions
To study HIFU treatment, an experimental setup was designed to evaluate the ultrasonic wave-liver tissue interaction. In the first step, a spherical phased array transducer consisting of 10-coin piezoelectric elements was designed. All experimental tests were performed for 2 transducer aperture angles: 168 and 308. The Westervelt and KZK equations were used to simulate the pressure distribution. Considering the KZK equation's aperture angle limitation, the temperature field and ablated area were calculated by the Westervelt equation and were compared with the experimental data. The results show that average temperature deviations calculated at the focal point are 12.8% and 4.3% for transducer powers of 85 and 135 W, respectively. Another important parameter concerning wave and tissue interaction is the radiation time, which was taken into consideration by a thermal dose analysis. To investigate the ablated area, the thermal dose contours for both the simulation and experimental results were calculated. Average errors of 10.5% and 18.5% can be seen in the areas with similar thermal dose values for the transducer operating powers of 85 and 135 W.
Considering the risks involved in cancer treatment by invasive surgery, such as bleeding, wound infection, and a long recovery time, there is a great need for minimally invasive or noninvasive treatment methods. High-intensity focused ultrasound, as a truly noninvasive technology, has been widely used in therapeutic applications, such as rapid tissue heating and tissue ablation. Because of the continuous improvement of minimally invasive thermal tumor ablation techniques, they are becoming an increasingly important beneficial treatment options. Clinical studies are currently considering magnetic resonance-HIFU ablation for a wide range of tumor therapies. This study provides guidance to HIFU practitioners in determining the lesion size and identifying nonlinear effects that should be considered in HIFU procedures.
